The effect of a biobullet (BB) containing freeze-dried ceftiofur sodium antibiotic on the presence of injection lesions, tissue damage, and histological properties, as well as Warner-Bratzler shear force (WBSF), of the biceps femoris was investigated. Steer calves (n = 25) were individually identified and assigned randomly to a product administration treatment date (7, 14, 21, 28, or 35 d before slaughter). At each preslaughter ceftiofur BB administration time, identified steers (n = 5) were humanely placed into a standard commercial restraining chute, where a BB implant was administered from a distance of 6.09 m. Following a standard finishing period (120 d), steers were transported to a commercial beef processing and humanely slaughtered. Following a 36-h postmortem chilling (1°C) period, carcasses were graded and fabricated according to industry-accepted procedures. Paired muscle samples were individually identified, collected, and aged for 14 d postmortem. Muscles were dissected into 1.27-cm strips, followed by observation and palpation for the presence of injection site lesions. Preslaughter administration times of 7 and 14 d resulted in the pres-
Introduction
Damaged beef muscle tissue resulting from i.m. injections of animal-health products represents a "quality control" problem and an economic loss to the beef industry. Results of the National Beef Quality Audit-2000 (McKenna et al., 2002 revealed that beef packers believed the greatest quality improvement since 1991 has been the decreased frequency of injection site lesions found in beef top sirloin subprimals. Although the incidence of injection site lesion defects in top sirloins is at a record low of 2.1% (Roeber et al., 2001) , purveyors 3308 ence of injection lesions (80 and 20%, respectively) . In addition to the control samples, no muscle damage was observed in cattle treated with BB implants 21, 28, or 35 d before slaughter. Warner-Bratzler shear force measurements taken near lesions of BB steaks and in areas 5.08 cm from lesions of control steaks tended to be higher (P < 0.10) than for other BB and control sample locations. Concentrations of insoluble and soluble collagen were higher (P < 0.05) at the site of the lesion center in lesion-afflicted vs. with control steaks. Histological determinations of the relative proportions of muscle, connective tissue, and fat were altered (P < 0.05) in BB lesion-afflicted steak cores; however, these differences were negated outside the core location of BB-treated and control steaks. It seems that using the ceftiofur BB implant system within 14 d of slaughter does create injection site lesions and increase WBSF; however, when the BB implant system, containing 100 mg of freeze-dried ceftiofur sodium, was used according to the recommended procedure (≥30 d preslaughter), tissue damage, alterations in histological and collagen properties, and increased meat toughness were not observed. and retailers still ranked this as one of the greatest quality challenges facing the U.S. beef industry.
Pharmaceuticals are commonly administered to cattle at various stages of their lives (Taylor and Field, 1999) , and if given i.m., tissue damage can occur (George et al., 1995) . The National Cattlemen's Beef Association has recommended that s.c. injections be administered when allowable; however, treating cattle in open-pasture situations lends to potential problems, including the stress of being held from the herd as well as unwanted restraint techniques.
Until recently, administering biological and pharmaceutical products to animals has meant that needles and syringes would be required. SolidTech Animal Health Inc., Newcastle, OK, has devised a method that uses an air-powered delivery system and biodegradable projectiles containing products such as freeze-dried ceftiofur sodium. "Biobullets" (BB) penetrate into the ani-mal's muscle and begin to be absorbed in the body, but nothing is known about the effect of this delivery system on tissue damage. Therefore, the objectives of this investigation were to determine 1) whether BB technology poses a quality control problem by creating injection site lesions, 2) what effect, if any, the BB has on any pathological changes of beef round muscle, and 3) what influence BB administration has on cooked beef tenderness.
Materials and Methods

Experimental Procedure
Steer calves (n = 25), of known history, located at the Willard Sparks Beef Cattle Research Facility, Oklahoma State University, were selected for use in this study. Steers had received no previous injections in any of the round muscles before the initiation of the trial and were individually identified and randomly assigned to a product administration treatment date (7, 14, 21, 28 or 35 d before slaughter).
The product administered in the trial was a standard BB casing containing 100 mg of freeze-dried ceftiofur sodium (Naxcel; Pharmacia & Upjohn, Kalamazoo, MI). At each product administration period, five steers were identified and placed into a standard commercial restraining chute. After highlighting the targeted administration area over the biceps femoris (BF), the BB was administered from a distance of 6.09 m by a trained SolidTech Animal Health representative. It should be noted that all steers received their respective BB in the identified targeted muscle location, and the average BB penetration was 3.7 cm into the targeted location. When visual evidence of BB presence was observed, tissue penetration depth was quantified using a digital electronic caliper (Brown and Sharp, North Kingstown, RI) .
At the completion of the finishing period (120 d), steers were humanely slaughtered using conventional commercial procedures at the Excel beef processing facility in Dodge City, KS. After arrival at the Willard Sparks Beef Cattle Research Facility, each steer was weighed, given an individually numbered ear tag, and vaccinated with Bovishield 4+ Lepto (Pfizer Animal Health, Groton, CT). Following processing, steers were stratified by initial BW and assigned randomly within BW strata to one of five product administration treatment dates. Steers were fed a corn-based 90% concentrate diet (65.1 and 12.55 for DM and CP, respectively), which was mixed in a 1.27-m 3 capacity paddle mixer. Once the total diet was mixed, the amount of feed allotted to each pen was delivered to individual pens using a computer-controlled feeding system. Two trained Oklahoma State University personnel collected carcass data, and the average score for each trait was recorded. Factors used to determine quality grade were monitored to remain consistent with the on-site USDA grading personnel. After carcass data collection, carcasses were fabricated according to institutional meat purchase specifications (IMPS; USDA, 1996) , and outside round flats (IMPS #171A) were individually identified, collected from both carcass sides, vacuum-packaged, and aged 14 d postmortem at approximately 1°C. After the aging period, each BF sample was trimmed free of subcutaneous fat and evaluated for the presence of injection site lesions. After fat removal, each BBtreated muscle section was dissected into 1.27-cm steaks (n = 15), followed by observation and palpation for the presence of injection site lesions. If any muscle tissue damage was exposed, the affected tissue was excised and weighed (to the nearest 0.3 g), along with the lesion being verbally expressed using the five-point classification system described by Dexter et al. (1994) . Steaks were subsequently vacuum-packaged and stored at −28°C until Warner-Bratzler shear force (WBSF) determinations could be conducted.
Warner-Bratzler Shear Force
Steaks were assigned randomly to a cooking order across BB-administration time. Steaks were allowed to thaw for 24 h at 4°C before cooking. Steaks were then broiled in an impingement oven (model 1132-000-A; Lincoln Impinger, Fort Wayne, IN) at 180°C to an internal temperature of 70°C. Internal steak temperatures were monitored with copper constantan thermocouples (model OM-202; Omega Engineering, Inc., Stamford, CT.). Individual steak weights were recorded before and after cooking to determine cook loss percents. After steaks had cooled for at least 2 h to 25°C, 1.27-cmdiameter cores were removed parallel to the muscle fiber orientation. Following the procedure outlined by George et al. (1995) , a core was removed from the immediate area near the BB administration location, and three additional cores were taken at a radial distance of 2.54, 5.08, and 7.62 cm from the administration location. Each core was sheared once by a Warner-Bratzler shear device attached to an Instron Universal Testing Machine (model 4502; Instron Corp., Canton, MA) at a crosshead speed of 200 mm/min. Peak force (kg) of cores was recorded using software provided by the Instron Corp. The average WBSF at the lesion site and the average of the WBSF for three cores at each distance of 2.54, 5.08, and 7.62 cm from the lesion location were calculated and recorded for each steak. Control samples had cores removed from the same anatomical locations as steaks obtained from the opposite side, BB-treated BF.
Histological Examination
Histopathological examination of the BB-treated and control BF muscle samples was performed by the Oklahoma Animal Disease Diagnostic Laboratory in Stillwater. Duplicate tissue samples (n = 8 control and n = 4 BB-treated) were placed in 10% formaldehyde solution for fixation and coded for submission, such that the presence/absence of a lesion, time of BB administration Table 1 . Least squares means (±SE) for injection site lesion incidence and quantity of trim loss associated with removal of lesions from the biceps femoris as affected by the preslaughter administration time of ceftiofur sodium biobullet (BB) Within a column, least squares means that do not have a common superscript letter differ (P < 0.05).
x,y
Within a row, least squares means that do not have a common superscript letter differ (P < 0.05).
before slaughter, and/or the distance of the sample from the real or counterpart lesion center was unknown to the pathologist evaluating the histological sections. In all, 24 slides were prepared using Masson's trichrome connective tissue stain (Luna, 1968) .
Chemical Analyses
Laboratory analyses of BF samples were conducted in duplicate according to procedures outlined by AOAC (1990) . Each sample was frozen individually in liquid N and pulverized in a Waring blender (Dynamics Co. of America, New Hartford, CT). Three grams of the powdered sample was placed in glass thimbles, dried at 100°C for 24 h, desiccated for 1 h, and reweighed to determine moisture. Following moisture determination, each sample was placed in a Soxhlet for 24 h for ether extraction of lipid, followed by drying at 100°C for no more than 12 h. Samples were then desiccated and reweighed to calculate lipid content. Using a combustion analyzer (model FP-428; Leco Corp., St. Joseph, MI), N content was determined and recorded from a separate 0.5-g pulverized sample.
Collagen Determination
To assist in explaining the differences in WBSF, collagen fractions (total, soluble, and insoluble collagen) were separated according to the procedure of Hill (1966) . Spectrophotometric determination of hydroxyproline in the soluble and insoluble fractions was performed (Bergmann and Loxley, 1963) , and the conversion factors used for quantifying soluble and insoluble collagen were 7.52 and 7.25, respectively (Cross et al., 1973) .
Statistical Analyses
Data representing injection site lesion presence were analyzed using the frequency procedure of SAS (SAS Inst., Inc., Cary, NC). Significant differences between incidence values as associated with product administration type and time of administration were determined by calculating the χ 2 statistic. Means representing the lesion weights, concentrations of soluble and insoluble collagen, muscle, connective tissue, and fat proportions, and WBSF were computed, and ANOVA was determined using the GLM procedure of SAS. Each steer was used as an experimental unit within a randomized complete block design, the type of product administration and time of injection were examined as main effects, and lesion weight and WBSF value were the dependent variables. When the main effect was significant (P < 0.05), least squares means separation was accomplished by the PDIFF option of SAS (a pairwise t-test).
Results and Discussion
The average incidence of injection site lesions in the BF segmented by administration method and time are shown in Table 1 . The average incidence of injection site lesions from carcasses of cattle administered the BB 7 d before slaughter was higher (80% frequency; P < 0.05) than muscle from 14 d preslaughter administered steers (20%). Cattle receiving BB ≥ 21 d before slaughter had no (P = 0.88) detectable injection site lesions in BF. As expected, no injection site lesions were observed in the opposite side muscles (untreated controls). In the most recent national audit estimating the incidence of injection site lesions in beef top sirloin butts, Roeber et al. (2001) indicated that lesion incidence decreased from 11.40 to 2.06% from November 1995 to July 2000. It should be noted that this decrease in the incidence of injection site lesions in top sirloin butts was continuous, with each subsequent incidence lower than the preceding audit incidence. However, the incidence of injection site blemishes found in muscles of the round from fed cattle was 11.3% (Roeber et al., 2001 ). These changes have likely been in response to educational efforts, such as the quality assurance programs of the National Cattlemen's Beef Association and similar state beef quality assurance programs. Even with such a decrease in injection site lesion incidence in the past years, the beef industry was encouraged to remain cautious. Education must continue, and new, innovative pharmaceutical delivery systems must be discovered and implemented.
Average weight of trim per lesion resulting from the presence of injection site lesions through BB administration is outlined in Table 1 . The BF from cattle admin- istered a BB implant either 7 or 14 d before slaughter had greater amounts (P < 0.05) of tissue removed (average lesion weight of 15.3 ± 9.09 and 13.5 ± 0.00 g, respectively) compared with their control muscle sample counterparts. These reported lesion trim weights were much less than those reported by Roeber et al. (2001) . The national average weight of trim/lesion resulting from the presence of injection site lesions in top sirloin butts generally increased from 192.5 g in November 1995 to a peak of 435.8 g in July 1997. The spike in mean lesion excision weights in 1997 coincided with a report by George et al. (1996) , who demonstrated a toughening of muscle up to 7.62 cm away from the core of injection site lesions. It seems that tissue damage removal required for BB injection site lesion weights was dramatically less (approximately 90% reduction) than the national injection site tissue removal averages.
Mean WBSF measurements recorded for the BF in the current study were very similar to values reported in the National Beef Tenderness Survey-1998 (Brooks et al., 2000) . Shear force values of cores from the lesion site and sites located 2.54, 5.08, and 7.62 cm away from the lesion core were 5.68, 5.34, 5.26, and 4.99 kg, respectively (Figure 1 ), for steaks from BB-injected steers, whereas corresponding WBSF values from control steaks were 5.20, 5.20, 5.41, and 5.02 kg, respectively. Samples isolated from the lesion core location of BB steaks and control samples located 5.08 cm from core locations had similar (P = 0.089) WBSF values compared with remaining treated and control samples. Remaining administration times (21, 28, and 35 d before slaughter) and muscle samples locations displayed similar (P = 0.471) WBSF values. Only steers treated with the BB-implant at 7 and 14 d before slaughter displayed the presence of injection lesions in the BF; thus, no detrimental effects on beef tenderness would likely be realized with BB treatment 21 d or more before slaughter.
Total collagen concentrations (fresh tisssue basis) of tissue samples taken from the site of the injection lesions, as well as 2.54, 5.08, and 7.62 cm away from the lesion, were 18.26, 9.73, 9.56, and 8.48 mg/g, respectively, for the lesioned steaks vs. 8.80 mg/g of collagen in muscle samples from the control steaks (results not shown). Concentrations of soluble (heat-labile) collagen were 2.68, 1.84, 1.78, and 1.59 mg/g for samples taken at the site of the injection site lesion, 2.54, 5.08 and 7.62 cm away, and control steaks, respectively ( Figure  2) . Moreover, concentrations of insoluble collagen from the site of the lesion and from sites 2.54, 5.08, and 7.62 cm away from the lesion were 15.58, 7.89, 7.78, and 6 .89 mg/g, whereas that for control steaks was 7.02 mg/g.
In wound healing, architectural changes in the collagen matrix occur as a result of the intricate process of remodeling. Concomitant with the deposition and maturation of collagen is an increase in tensile strength (Harkness, 1968) . Quantitative changes in acid mucopolysaccharides accompany the collagen and tensile strength changes (Dunphy and Udupa, 1955) . Bryant and Weeks (1967) reported the best determinant of the increase in tensile strength is the ratio of wound collagen to mucopolysaccharides, and that alterations in the cohesive forces between collagen microstructures were directly related to this ratio. Milch (1965) reported that the number of effective network chains (per unit volume) has a great influence on load-bearing structure. Results of the previous studies have provided concrete evidence that when injections are administered i.m. into beef cattle, the tenderness of affected tissues is significantly decreased at and in an area up to 7.62 cm away from the lesion center (George et al., 1995) . In the current investigation, cooked beef tenderness was negatively affected only when BB administration resulted in the development of injection lesions, and this associated toughness was only observed in the direct location of the lesion core.
In the current study, increases in total, soluble, and insoluble collagen concentrations at the lesion center decreased (P < 0.05) in concentration as the radius from the lesion center increased (Figure 2 ). This result would imply that a fibroproliferative process occurred subsequent to i.m. injection of a pharmacological agent, forming a lesion core and resulting in cooked meat toughness. Sherman et al. (1980) reported that with connective tissue reactions in wound healing, or in a fibroproliferative process, there is initially neosynthesis of collagens of pericellular type V and basement membrane type IV. Eventually, synthesis and deposition of fine, fibrillar type III collagen occurs, which is followed by the formation of matrix composed of interstitial type I collagen that resembles scar tissue. Moreover, this type I collagen is reported to have a larger fiber diameter than type III collagen, which was correlated with decreased muscle tenderness (Gay, 1983) . Concurrent with this increase in concentration of collagen and the increase in diameter of collagen fibrils, collagen solubility decreases, especially with progressing development of heat-stable covalent interchain bonds (Bailey, 1972) . It should be noted that George et al. (1995) detected a very pronounced muscle toughening effect, as far as 7.62 cm away from the lesion core. In the current study, however, only the lesion core in 7-and 14-d samples displayed increased toughness as a result of treating cattle with a BB. Histological examination of all samples confirmed the diagnosis of injection site lesions as described by George et al. (1995) . From visual estimations, the relative percentages of connective tissue, muscle, and fat ( Figure  3) were 33.25, 40.23, and 26.52%, respectively, at the site of the lesion core; 11.25, 73.25, and 15.50%, respectively, at sites 2.54 cm from the lesion center; 12.25, 79.68, and 8.07%, respectively, at sites 5.08 cm from the lesion center; and 11.25, 79.98, and 9.78%, respectively, in control steaks. This finding supports results from the collagen assays, indicating that severe disruption of the relative tissue proportions had occurred in the injection lesion cores. Compared with the findings of George et al. (1995) , which suggested that tissues as much as 5.08 cm from the lesion core were negatively altered in terms of tenderness, collagen amounts, and tissue proportions, the current findings suggest that only minor tissue alterations were evident in the BF from steers treated with the BB implant procedure immediately before slaughter.
Implications
Injection site lesions are a serious quality concern in the U.S. beef industry. Although a great deal of progress has been made in decreasing injection lesions in top sirloins, substantial product loss, decreased labor efficiency, and the potential for meat tenderness to be jeopardized still occur in other locations of the beef carcass as a result of improper medicament and vaccination injection techniques and/or locations. Findings from this study demonstrate that the ceftiofur sodium biobullet implant system, when used according to the recommended procedure (≥30 d preslaughter), resulted in the absence of damage as related to unnoticeable alterations in histological and collagen properties in tissue and, in turn, led to no detectable increases in meat toughness.
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